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a  b  s  t r  a  c  t
Self-propagating  high-temperature  synthesis  reaction  in the  LaMgAl11O19–Ti–B4C  system  was  quenched
in  the  glove  box  and during  plasma  spraying,  respectively,  in order to  clarify  the formation  mechanism
of  in  situ  TiC–TiB2 composite  coating.  Microstructure  of  the quenched  samples  was  investigated  by X-ray
diffraction,  scanning  electron  microscopy  and  energy-dispersive  X-ray  spectrometer.  The  results  showed
that the formation  mechanism  of  TiC and TiB2 during  reactive  plasma  spraying  is same  as  that  in the  glove
box,  namely  the Ti–B–C  melt  is  ﬁrst  formed  by  B C particles  dissolving  into  the  Ti–B  eutectic  liquid  aseywords:
eactive plasma spraying (RPS)
elf-propagating high-temperature
ynthesis (SHS)
iC–TiB2
4
well  as  the molten  Ti, and  then  TiC  and  TiB2 are  formed  and  precipitated  from  the  saturated  Ti–B–C  melt.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
TiC–TiB2 composites have attracted much attention by mate-
ials community because they combine many excellent merits of
igh melting points, high hardness, excellent wear and corrosion
esistance, and enhanced fracture toughness and bending strength
s compared to constituent ceramic components [1–3]. Although
iC–TiB2 bulk materials are desirable, there is also a need to employ
hese composites as coating materials [4]. The nontrivial proper-
ies of TiC–TiB2 composites make them alternative coatings with
espect to heat resisting and wear and corrosion resistance for
pplications such as jet engines, automobiles, aircraft and petro-
hemical installations.
Recently, some attempts have been made in the fabrication of
he TiC–TiB2 composite coatings [4–13]. For instance, Du et al. [4,5]
ynthesized the TiC–TiB2 composite coating using a laser surface∗ Corresponding authors. Tel.: +86 431 85262285; fax: +86 431 85262285.
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Tngineering technique and Masanta et al. [9–13] combined the
aser cladding with self-propagating high-temperature synthesis
SHS) to produce the TiC–TiB2 composite coatings. However, the
eveloped methods for the TiC–TiB2 composite coatings [4–13] are
nadvisable for the light alloys of Al and Mg  because the created
eating during preparation is presumed to damage the substrates
ue to their low melting temperatures. Plasma spraying seems
ersatile for coating deposition on various substrates. Recently,
he technique of reactive plasma spraying (RPS), which combines
tmospheric plasma spraying with SHS, has been utilized to pro-
uce the ceramic coatings [14–20]. The feature of this technique is
hat the desired phases in the coating are in situ formed by the SHS
eaction in the feed powders during plasma spraying. Our previous
tudy [21] indicated the feasibility of preparation of in situ TiC–TiB2
omposite coatings on the Mg  alloy substrate by the RPS technique,
here the agglomerate particles of Ti, B4C and MgAl11LaO19 (LMA)
ere used as the feed powders. The addition of LMA  to Ti–B4C and
he agglomeration of the reactants by spray-drying method could
uppress the involvement of air in the SHS reaction to some extent
ue to the low oxygen permeability of LMA  [21,22].
Up to date, the investigations for RPS were extensively focused
n the microstructure and properties of the produced coatings
14–21]. Formation mechanism of TiC–TiB2 composite coating dur-
ng RPS was  hardly reported. The understanding of the mechanism
ay  provide a concrete basis for producing the TiC–TiB2 compositeoatings with tailored microstructures and properties. On the other
and, it is not assumed that whether the mechanism for the tradi-
ional SHS reaction ignited in the glove box is applicable to the RPS.
herefore, this work explored the mechanisms of SHS synthesis of
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Tig. 1. Schematic setting for the SHS quenching of feed powders during reactive
lasma spraying.
iC and TiB2 in the glove box and during RPS process, respectively,
rom which the relationship of the formation mechanisms of TiC
nd TiB2 between in the glove box and during RPS was  proposed.
. Experimental procedure
The starting materials were the synthesized LMA  powders
0.5–5 m)  and commercial powders of Ti (99.9% in purity,
–20 m)  and B4C (∼97% in purity, 3.5–20 m).  The LMA  powders
ere synthesized by a solid-state reaction of MgO, Al2O3 and La2O3
ccording to 2MgO + 11Al2O3 + La2O3 → 2MgAl11LaO19 at 1873 K
or 12 h in a furnace [22]. The powder blend of 20 wt.%LMA–Ti–B4C
ith molar ratio of 3:1 for Ti to B4C was ball-milled in a container
sing zirconia balls for 8 h together with the deionized water, Tri-
mmonium Citrate and Gum Arabic. The weight proportion of the
owder blend, deionized water, Tri-Ammonium Citrate and Gum
rabic is about 120:100:2:1. The obtained suspension was sprayed
nto a drying tower (GZ-5, Yangguang Ganzao) in which the water
as evaporated and the powders in the liquid droplets were recon-
tituted to the desired agglomerate particles with near-spherical or
pherical shapes. The agglomerate particles with size of 50–150 m
ere sieved and used as the feed powders.
In the case of SHS quenching in the glove box, the feed powders
ere uniaxially pressed into the rectangular bar with dimensions of
5 mm × 10 mm × 5 mm with a relative green density of about 65%.
he SHS reaction for the bar was ignited by an arc heating generated
rom a tungsten electrode. Once the SHS is initiated, the power is off.
he automatic arresting of the combustion wave during its passage
hrough the rectangular bar was achieved, thanks to the increasing
eat loss resulted from the long and thin shape of the bar as well
s the cooling of two copper plates that sandwiched a part of the
ar.
In the case of SHS quenching during plasma spraying, the feed
owders were plasma sprayed by a Sulzer Metco plasma spray-
ng unit with a F4-MB gun and the schematic quenching setting
s shown in Fig. 1. The heat of the deposits rapidly transmitted
hrough the thin Mg  substrate to the ice water, leading to the extin-
uishing of the SHS reaction in the feed powders. During plasma
praying, the temperature of the ice water could gradually increase.
s is known, thicker is the coating thickness, longer is the plasma
praying time. If the plasma spraying time is too long, the ice in
he water will completely thaw and then the temperature of the
ater increased signiﬁcantly, which may  be unfavorable to quench
he SHS reaction in the feed powders due to the alleviative cool-
ng of the water for the substrate and deposits. In this work, the
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uenched coating was made with thickness of about 100 m and
t this moment it was found that the ice in the water did not fully
haw. The substrate temperature during or just after plasma spray-
ng was  almost presumed to be that of the water since the substrate
s very thin and it was  directly cooled by the water. Each agglomer-
te particle can be recognized as an independent SHS reactive unit.
t is speculated that the degree of SHS conversion in the quenched
gglomerate particles may  be different due to the wide particle
ize distribution of the feed powders, giving rise to the different
rozen microstructures in the deposits, from which the formation
echanism of TiC and TiB2 during RPS process may  be explored.
Phase composition for the SHS samples quenched in the glove
ox was  identiﬁed by X-ray micro-diffraction (D8 Discover with
ADDS, Bruker AXS, Karlsruhe, Germany) using an 800 m beam
iameter and that quenched during RPS was  identiﬁed by X-ray
iffraction (XRD, D/Max 2500PC, Japan) using Cu K radiation.
icrostructure of the samples was mainly examined by scanning
lectron microscopy (SEM, JSM-5310, Japan) equipped with an
nergy-dispersive X-ray spectrometer (EDS, Link-ISIS, England).
. Results and discussion
The quenching of the combustion wave made the sample form
hree regions, namely the unreacted region, the combustion region
nd the ﬁnal product region in the glove box. Fig. 2(a) shows the
acrograph of the quenched sample. As shown in Fig. 2(a), point 1
ocated at the unreacted region, points 2 and 3 located at the com-
ustion region and point 4 located at the ﬁnal product region were
elected for the X-ray micro-diffraction analysis, and the results
ere shown in Fig. 2(b) 1–4, respectively. For point 1, no phase
as detected in addition to the reactant phases of Ti, B4C and LMA
see Fig. 2(b) 1]. However, for points 2 and 3, TiB, TiB2 and nonsto-
chiometric TiCx phases were detected together with the reactants
see Fig. 2(b) 2–3], showing that reactions occurred at the combus-
ion region. The reactions became more and more incomplete along
he combustion wave direction, as reﬂected from the decreasing
iffraction peak intensity of the resultant phases. The phase com-
osition of TiCx, TiB2 and LMA  for point 4 [see Fig. 2(b) 4] shows
hat the SHS reaction occurred completely. It was  observed that
he position of the diffraction peaks for TiCx phase shifted to lower
ngle from Fig. 2(b) 2 to Fig. 2(b) 4, implying an increase in the
toichiometry (x) of TiCx [23].
Fig. 3(a) shows the SEM microstructure and the corresponding
DS-line analysis at the combustion region closing to the side of the
nreacted region. According to the EDS-line spectra, the black parti-
le is the remnant B4C particle, and it is surrounded by the Ti melt. It
as reported that the solid-state diffusion reaction yielding TiB and
onstoichiometric TiCx could occur for the Ti–B4C powder mixture
intered at about 1273 K [24,25]. Actually, the solid-state diffusion
eaction also proceeded before the initiation of the SHS reaction
uring heating [26]. The heat released from the solid-state diffusion
eaction could accelerate the increase in temperature [26]. Accord-
ng to Ti–B binary phase diagram [27], the eutectic reaction, i.e.
iB (s) + Ti (s) → liquid, can occur when the temperature increases
o 1813 ± 10 K. The produced Ti–B eutectic liquid at the interface
etween Ti and B4C particles provided an easier route for the tran-
ition of atoms, and thus the Ti, C and B atoms from the Ti and
4C particles could quickly dissolve into the eutectic liquid to form
he Ti–B–C melt. With the concentrations of [Ti], [B] and [C] in the
i–B–C melt achieving the reaction thermodynamic conditions for
iCx and TiB2 formation, TiCx and TiB2 were produced. The large
mounts of heat released in turn instantly melted the remnant Ti
articles, leading to the formation of large amounts of Ti melt with
igh temperature, which subsequently sufﬁciently surrounded the
324 B. Zou et al. / Journal of Asian Ceramic Societies 1 (2013) 322–327
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nFig. 2. (a) Macrograph of the SHS quenched bar in the glove box and (
emnant B4C particles [see Fig. 3(a)]. From Fig. 3(a), the distribution
f the B and C elements indicates that the concentration of C atom
s higher than that of B atom in the Ti melt, which may  be mainly
ttributed to the larger diffusivity of C atom away from B4C at high
emperatures [28,29]. Fig. 3(b) shows the SEM microstructure for
he quenched Ti–B–C melt in the combustion region. It is clearly
bserved that many crystallites with submicron size were formed
nd precipitated from the Ti–B–C melt. Fig. 3(c) shows the SEM
mage at the combustion region closing to the side of the ﬁnal prod-
ct region and Fig. 3(d) shows the high magniﬁcation SEM image
t the red rectangle marked in Fig. 3(c). As indicated, the remnant
4C particle was  progressively decomposed and dissolved into the
i melt. As a result, a number of large TiCx and TiB2 crystals were
ucleated in the produced Ti–B–C melt around the remnant B4C
article [see Fig. 3(d)]. Due to the quenching of the combustion
ave at the combustion region, the reaction in the Ti–B–C melt
o form TiCx and TiB2 occurred incompletely. During cooling, the
i–B–C melt with Ti-rich crystallized into TiB, TiCx and Ti phases. As
 result, the product in the combustion region consists of TiCx, TiB2
nd TiB in addition to the reactants [see Fig. 2(b) 2–3]. According to
he Ti–C phase diagram [30], the melting point of TiCx is depend-
nt on its stoichiometry. For example, when x = 0.47, the melting
oint is approx. 1918 K, and when x = 0.75, it increases to approx.
343 K. Therefore, the highly substoichiometric TiCx precursor will
issolve back into the Ti–B–C melt with the increase in tempera-
ure as the SHS reaction progresses, followed by the precipitation
f TiCx with higher stoichiometry, as can be demonstrated by the
hifting of the diffraction peaks of TiCx phase toward to lower angle
rom Fig. 2(b) 2 to Fig. 2(b) 4.
Based on the phase evolution [see Fig. 2(b)] and the SEM
icrostructure analysis [see Fig. 3] for the quenched sample in the
love box, it was proposed that TiCx and TiB2 were formed and
recipitated from the saturated Ti–B–C melt that resulted from the
issociation of B4C into the Ti–B eutectic liquid as well as the molten
i.
As mentioned before, the feed powders with particle size
istribution of 50–150 m were plasma sprayed onto a thin
g substrate cooled by ice water on the back side in order to
xplore the formation mechanism of TiCx–TiB2 composite coating
ynthesized by RPS. The arresting of the SHS reaction in the feed
owders gave rise to the frozen microstructures in the deposits.
ig. 4(a) shows the XRD pattern for the quenched TiCx–TiB2 com-
osite coating. As indicated, the phase composition of the coating
onsists of TiCx, TiB2 and TiB in spite of the reactants, which is the
F
n
t
f–(4) the X-ray microdiffraction patterns for points 1–4 marked in (a).
ame as that of the combustion region for the quenched bar in the
love box [see Fig. 2(b) 2–3], indicating the successful quenching
f the SHS reaction in the feed powders during RPS process.
ig. 4(b) shows the cross-section microstructure of the quenched
PS coating. It is observed that the deposits display the porous
nd dense structures. In this work, the large size distributions of
–20 m for Ti powders and 50–150 m for feed powders were
sed. The ignition and sustainment of SHS reaction during RPS
rocess are dependent on the particle sizes of Ti powders and
eed powders [21]. The SHS reaction in the feed powders with
elatively small size and/or containing relatively ﬁne Ti particles
as ignited and occurred sufﬁciently before quenching on the
ubstrate [21], which produced the SHS products with relatively
igh degree of conversion and level of porosity, giving rising to the
eposits with a porous structure after impacting on the substrate.
owever, for the feed powders with relatively large size and/or
ontaining the relatively coarse Ti particles, due to the increase
n the ignition time [21], the SHS reaction may  fail to ignite or
ccur quite incompletely during in-ﬂight. Moreover, the Ti melt
as rapidly solidiﬁed after impacting on the cooled substrate,
eading to the failure of ignition or quenching of the SHS reaction.
s a result, the deposits with a dense structure were formed in
he coatings. Fig. 4(c) shows the high-magniﬁcation SEM image
nd the EDS-line spectra for the deposit with dense structure.
ccording to the EDS-line analysis, the black particles are the
emnant B4C particles, and the melt around them is molten Ti.
he C and B atoms from B4C particles diffused into the Ti melt
o form Ti–B–C melt. The concentration of C atom in the Ti–B–C
elt is also higher than that of B atom, which is the same as that
hown in Fig. 3(a). In fact, the frozen microstructure shown in
ig. 4(c) in the coating is very similar to that shown in Fig. 3(a) in
he bar quenched in the glove box. Fig. 5(a) shows the SEM image
n the surface of the quenched coating by RPS. It is interesting to
bserve three typical frozen microstructures marked by rectangles
, B and C in Fig. 5(a). Fig. 5(b)–(d) shows the high magniﬁcation
EM images in rectangles A, B and C, respectively. As shown in
ig. 5(b), the quenched Ti–B–C melt appeared without appreciable
recipitation of the crystalline grains TiCx and TiB2. However, it
an be observed that many ﬁne crystals of TiCx and TiB2 were
ucleated and precipitated from the Ti–B–C melt [see Fig. 5(c)].
rom Fig. 5(d), the Ti–B–C melt almost disappeared and a large
umber of the growing particulates were observed, indicating
he pronounced formation and precipitation of the TiCx and TiB2
rom the saturated Ti–B–C melt. It should be mentioned that the
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Fig. 3. (a) The SEM microstructure and the corresponding EDS-line spectra at the
combustion region closing to the side of the unreacted region, showing the forma-
tion of Ti–B–C melt around the remnant B4C particle, (b) SEM microstructure for
the quenched Ti–B–C melt in the combustion region, (c) SEM microstructure at the
combustion region closing to the side of the ﬁnal product region, showing the con-
siderable dissociation of the B4C into the Ti–B–C melt, and (d) the high magniﬁcation
SEM image at the red rectangle marked in (c).
Fig. 4. (a) XRD pattern for the quenched TiCx–TiB2 composite coating deposited on
a  thin Mg substrate cooled by ice water on the back side during RPS process, (b) the
cross-section microstructure of the quenched RPS coating, showing the deposits
w
a
q
i
s
t
t
p
a
i
f
Tith the porous and dense structures and (c) the high-magniﬁcation SEM image
nd the EDS-line spectra for the deposit with dense structure.
uenched microstructure shown in Fig. 5(c) is similar to that shown
n Fig. 3(b). Also, the quenched microstructure shown in Fig. 5(d) is
imilar to that shown in Fig. 3(d). Therefore, it was proposed that
he formation mechanism of TiCx and TiB2 during RPS is presumed
o be the same as that in the glove box. In combination with the
hase evolution in the glove box as well as the microstructure
nalysis for the quenched bar and coating, the reaction process
n the feed powders during RPS process may be proposed as
ollows: (1) Ti(s) + B4C(s) → (2) Ti(s) + B4C(s) + TiB(s) + TiCx(s) → (3)
i(s) + B4C(s) + TiCx(s) + Ti–B(l) → (4) Ti(s) + B4C(s) + TiCx(s) + Ti–B–C
326 B. Zou et al. / Journal of Asian Ceram
Fig. 5. (a) SEM image on the surface of the quenched TiCx–TiB2 composite coating
and (b–d) the high magniﬁcation SEM images in rectangles A, B and C marked in (a),
respectively.
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l) → (5) B4C(s) + TiCx(s) + TiB2(s) + Ti–B–C(l) → (6) TiCx(s)
 TiB2(s) + Ti–B–C(l) → (7) TiCx(s) + TiB2(s).
. Conclusions
The SHS reaction in the LMA–Ti–B4C rectangular bar was suc-
essfully extinguished by the cooling of two  copper plates that
andwiched a part of the bar in the glove box, and the quench-
ng of the SHS reaction in the feed powders was  also successful
ia the deposition on a thin Mg  substrate cooled by ice water on
he back side during RPS. The characterization by using XRD, SEM
nd EDS for the quenched samples indicates that the quenched
oating displays a similar microstructure to that of the quenched
ar in the glove box. Therefore, it is proposed that the formation
echanism of TiCx and TiB2 during preparation of the TiCx–TiB2
omposite coating by RPS is presumed to be the same as that
n the glove box, namely the Ti–B–C melt is ﬁrst formed by B4C
articles dissolving into the Ti–B eutectic liquid as well as the
olten Ti, and then TiC and TiB2 are formed and precipitated
rom the saturated Ti–B–C melt. The quenching of SHS reaction
n the glove box seems to be an alternative candidate to explore
he formation mechanism of in situ ceramic particulates during
PS.
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